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The technique of Diode Laser Spectroscopy (DLS) with wavelength modulation is utilized to measure the
concentration of methane in reacting vortex rings under microgravity conditions. From the measured con-
centration of methane, other major species such as water, carbon dioxide, nitrogen, and oxygen can be easily
computed under the assumption of equilibrium chemistry with the method of Iteractive Temperature with
Assumed Chemistry (ITAC). The conserved scalar approach in modelling the coupling between fluid
dynamics and combustion is utilized to represent the unknown variables in terms of the mixture fraction and
scalar dissipation rate in conjunction with ITAC. Post-processing of the DLS measurements and the method
of ITAC used in computing the species concentration are discussed. From the flame luminosity results, the
increase in ring circulation appears to increase the fuel consumption rate inside the reacting vortex ring and
the flame height for cases with similar fuel volumes. Preliminary results and application of ITAC show
some potential capabilities of ITAC in DLS. The measured concentration of methane, and computed con-
centrations of water and carbon dioxide agree well with available results from numerical simulations.

1. INTRODUCTION sured species concentrations are trivially quantified
i i _using pre-determined calibration curves. However, for
The field of Diode Laser Spectroscopy (DLS) withreacting flows, the determination of temperature is
wavelength modulation [2,27] for species concentratiogxtremely important for the quantification of species
measurements has advanced to the level where minigoncentrations from diode laser measurements. Often, a
turization of the laser and optical systems are possiblgacond laser is needed to work in pairs for determining
for designing compact and rugged diagnostic systempe exact temperature field. This can be quite cumber-
with wide dynamic range and fast response time. Thisome due to space limitation and design constraints in
technique has been investigated previously by S#éter monitoring systems. A generalized approach, referred
al. [29], and Silver & Kane [28] under microgravity herein as lterative Temperature with Assumed Chemis-
condition for reacting flows. Measuring the speciesry (ITAC), is suggested here. From the DLS measure-
concentration of methane [13,20], water [14,23,29], caliments of a single major or minor species, the other
bon dioxide [21,25], carbon monoxide [20,24,31],remaining species can be determined with the assump-
hydroxyl radical [1] and molecular oxygen [22,24] aretion of equilibrium or non-equilibrium chemistry which-
some of the possibilities of using diode lasers. In nonrever appropriate for the flowfield been studied. The
acting flows without temperature variations, the meaapproach of a conserved scalar is taken here to model

NASA/TM—2001-210805 1



the interaction between fluid dynamics and combustiortonducted under microgravity conditions in order to
in reacting flows. This is the first time DLS system with remove the undesirable effects of buoyancy that can
the method of ITAC is used to probe flame-vortex inter-affect both the flame structure and ring dynamics result-
actions under microgravity conditions. ing in possibly asymmetric and non-repeatable interac-
tions [5].
Flame-vortex interactions are canonical configurations
that can be used to study the underlying processeSeveral key findings resulted from the numerical and
occurring in complicated turbulent reacting flows. Thisexperimental studies of this canonical configuration.
type of configuration contains many of the fundamentaNumerical simulations found that dilatation is the domi-
aspects of the coupling between fluid dynamics andhant effect of combustion heat release in a reacting vor-
combustion that could be investigated with more contex ring [11]. Effects of viscosity and mass diffusivity
trollable conditions than are possible under direct invesdue to temperature on the flow, mixing, and combustion
tigations of turbulent flames. The current configurationprocesses were found to be negligible in comparison to
has been studied experimentally by Chen [4], Chen &he effect of dilatation. For some of the ring circulation
Dahm [5-8], and Cheaet al.[9-12] under microgravity cases, the fuel consumption can be approximated by
conditions, and by Park & Shin [26], and Yduaé [32]  simple spherical diffusion estimates since the numerical
under normal gravity conditions. This configuration is simulations confirmed no presence of oxygen within the
similar to that used in the analyses of Karagozian &ing [10]. Furthermore, radiative heat loss was found to
Manda [16] and Manda & Karagozian [18] of their 2-D have an impact on the flame structure and ring dynamics
vortex pair in which both fuel and entrained oxidizer areof reacting vortex rings from comparison of cases of
present. The vortex ring used in this study is generatepropane and ethane [10]. Concentration of major and
by issuing methane into an air environment through theninor species were determined from numerical simula-
exit of an axisymmetric nozzle. The experiments werdion results of Cheet al. [9] and are yet to be verified

Figure 1. Experiment drop package showing vacuum system, power supply for spark generator, DLS controller
and data acquisition system on top shelf. The vortex generator system, power distributor, batteries, B/W CCD
camera, test section, nozzle/plenum assembly and video transmitters reside on the bottom shelf.
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Figure 2. Compact and rugged DLS system showing the laser &ftypDSP board, controller and data acquisition
box (right); and pre-amplifier boxngiddle.

experimentally. power distributor, and spark power supply. The bottom
shelf houses the nozzle/plenum assembly, test section,
DLS is used to measure the concentration of methanBLS laser system and pre-amplifier box, vortex genera-
for reacting vortex rings under microgravity condi- tor system, power distributor, video transmitter, batter-
tions. The experiment drop package along with the DLSes, and B/W CCD camera. The camera records the
system is discussed. The processing and post-proce$ame structure and ring dynamics of reacting vortex
ing of measured spectra and the determination of speings. Details of the hardware for the microgravity drop
cies concentration from the spectra using ITAC are alsag are discussed in Chen [4].
presented. Preliminary DLS/ITAC measurements are
compared to the numerical simulations of Cletral.  Prior to each microgravity experiment, the vortex gener-
[10]. ator and nozzle/plenum systems are purged with fuel.
Pressurized fuel (30-80 psig) is stored in one section of
the fluid system. The test section is open to the atmo-
sphere and is purged with air to remove dust particles.

2. EXPERIMENT METHODS A motor-driven iris diaphragm remains closed to sepa-
rate the fuel and air interfaces near the nozzle Bxit (
2.1. Microgravity Drop Rig 2 cm dia.).

Figure 1 shows the experiment drop rig with an 'me\')grior to a microgravity drop, the nozzle/plenum is re-

grated DLS system (see Fig. 2). The rig has been pre ur : ! -
: : : “purged with fuel to remove air that has diffused through
ously used for microgravity experiments at the NASA the iris leaves and opening. Once all the systems have

i(glzng42..12 r?]efg\,r\‘,gf %Loeﬁetog(egefﬁrﬂg% tl)g I[sgcji-glj ul—gs een turned on including the DLS system, the iris dia-
drag shield, for the reduction of air resistance during th trwurja%rir: ?rﬁg?fzct:gsallo'\&v Igitf?lj-s?(lnmuslg/%rb?;wf%?% g&e ;lrjlgl
free-fall, on the 5th floor, released from the 8th roor’,-EraWn towards an ignitor, which lies inside the nozzle/

and lands on an inflated airbag in the basement floo :
The experiment rig is then retrieved from the baseme lenum assembly, by suction from a vacuum system.

floor to the 5th floor for data collection and preparation8
for additional drops.

he experiment rig is released from the ceiling of the
th floor and ignition occurs 50-60 ms after the drop. A
diffusion flame is generated near the nozzle exit and
flattens under microgravity conditions. Pressurized fuel
is released into the nozzle/plenum assembly and issues
ut of the nozzle to generate a vortex ring which wraps
he diffusion flame to generate a reacting vortex ring.
lame luminosity is recorded unto s-VHS tape by the
-board CCD camera for later analysis. Video signals

For studying lighter-than-air fuels, the nozzle/plenum
assembly is pointing downward. This is a matter of con
venience since under normal gravity condition this is th
most stable position for keeping methane inside the no
zle/plenum assembly. The top shelf houses a vacuu
system, DLS controller and data acquisition box, DLS
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Figure 3. Schematic showing the position of the 16 laser scan lines used in the laser(gyStepview shows the scan lines
spanning 30 mm from the center of the 2-cm diameter nofz)eSide view of the scan lines showing the height of the lines
relative to the nozzle exit plane.

are sent from the CCD camera to recording station opleted. The DSP board is housed in a small electronics

the 8th floor using fiber optic cables. box mounted on the top shelf of the drop rig. This box
also contains the laser and scanner controllers, and the
necessary cable interfaces.

2.2. DLS System

Figure 2 shows the DLS system which includes the lase}
system, digital signal processor (DSP) board, controlle

and data acquisition system, and pre-amplifier box. Th

laser beam is collimated by an anti-reflection coate
aspheric lens and is pointed onto a raster scanner mirr
As the mirror is rotated over an angle of about 30°, th
reflected laser beam hits an off-axis paraboloidal reflec
tor (OAP). The scanner mirror is positioned at the focu
of this OAP so that all rays reflected by the OAP ar
parallel. As the beam is swept by the scanner, it trac%
in parallel lines across the flame. After traversing th

flame, a second off-axis paraboloid collects the bea
and refocuses it onto a single photodetector. This opt
cal system can scan a range of up to 4 cm. The result

his system is anticipated to detect £B,, CO,, H,O,

nd OH. For the detection of oxygen at 760 nm (visi-
le), a GaAlAs vertical cavity surface emitting laser can

e used. The other gases can be detected using near-
dpfrared InGaAsP distributed feedback lasers at the spe-
&ific wavelengths required for each gas. In this experi-
ment methane detection is achieved using a 1653.5 nm
ser.

efore the drop the system stores data in a circular
uffer, so as to have pre-drop spectra if necessary and to
nid in setting up the proper operating conditions. Upon
feceiving the drop trigger (using an accelerometer), the
grost recently acquired pre-drop data (spatially-mapped

this process is that data acquired sequentially in time ar%oectcga) is tstored, and th?nl segggntial data bIc_)clés corre-
used to obtain spatially-resolved line-of-sight measure>PONdINg 10 approximately msec periocs are

ments across the flame. More details on this approacicduired, demodulated, processed and stored. After the
can be found in Silver & Kane [28]. drop, the data is downloaded via a serial port to a laptop

computer for subsequent analyses.

Wavelength modulation spectroscopy (WMS) detectio d f th dified WMS
is accomplished by digitally modulating the laser wave-2N€ advantage of the moditied square wave
length at 25 kHz and detecting the 2f (50 kHz) Compogpproach is that it requires only one cycle of the wave-

nent of the photocurrent. A modified square wavelo'™m at each wavelength, so that scanning can be

modulation waveform is used [15Data are recorded accomplished quite rapidly. "Using the 200 kHz digi-
using the analog inputs to a stand-alone DSP supercofiZ€: the laser wavelength is incremented at 50 kHz (4
troller. This device generates the scanner and |asfrt.eps/wavefprm). With a spectrum length of 125 points,
ramp/modulation waveforms, acquires and processes Ts system is capable of measuring 40 spatial locations
data, and stores the data to memory for subsequeft 10 Hz.

download to a laptop computer after the drop is com-
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Figure 4. Sample spectra and absorbances for a nonreacting vortex ring as a result of issuing methane into an air environment
at atmospheric conditions yt= 6.35 mm under microgravitya) Unfiltered absorbance spectra containdtgons for time

0.160 s,(b) absorbance spectra wiétalons successfully filtered out for time 0.160q®, projection absorbancéd) Abel-

inverted radial absorbance.

For the current experiments, Fig. 3a shows the system mments. With properly chosen filters, the étalons present
set to sample over 16 horizontal locations separated byifl Fig. 4a can be effectively removed to generate étalon-
mm at a rate of 20 Hz spanning 30 mm outward fronfree results as shown in Fig. 4b. The presence of étalons
the center of the nozzle. Figure 3b shows the verticaloes compromise the sensitivity of the DLS system,
positioning of the scanning system relative to the nozzl&owever, since high concentrations of methane are of
exit plane and can be set to any desired hgight interest, such compromise is of no concern. The étalons
can be removed with better optimization of the optical
system to achieve better sensitivity.
3. POST-PROCESSING SPECTRA

The measured spectra from DLS were filtered to remov

gost-drop processing of the filtered spectra comprises
unwanted étalons that were present in all the measur

2ast squares fitting to reference spectra. The data are fit

NASA/TM—2001-210805 5



to a function composed of a theoretical line shape pluanknowns to onedj or two , X) depending on the
background polynomial term giving Fig. 4c. A multi- chemistry assumption, wheré@ denotes the mixture
linear regression method has proven to be rapid anfilaction, and the scalar dissipation rate.

accurate. For flames that are axisymmetric as is the case

in these reacting vortex rings, an Abel inversion isThe proposed idea in determining the temperature field
invoked to obtain radial concentration profiles as showrfrom the measured WMS signals include an iterative
in Fig. 4d. Calibration for all of the permanent gases igrocess (ITAC) in which chemistry assumptions play an
easily accomplished in room air or using a calibrationmportant role. In an axisymmetric flow configuration,
cell. The system calibration function is very stable andsuch as the case of a reacting vortex ring, radial profile
can be used without frequent recalibrations. For OHof absorbance are available after Abel inversions of
one will probably transfer the calibration from water line-of-sight measurements. The procedures in obtain-
vapor, using relative line strengths of these gases. Gasg species mole fractions from radial absorbance are
concentrations are determined directly from the absorpeutlined below for different choices of chemistry
tion data. Local gas temperature can be inferred fromssumption.

either Q line pairs, or possibly lines in the OH band

head near 1393 nm. However, a different technique in

obtaining local temperatures, which are necessary fot.2. Equilibrium Chemistry

computing accurate mole fraction of the measured g9ag, the case of equilibrium chemistry, temperature and
concentrations, is proposed here and discussed next. major species concentration are uniquely determined
from the mixture fraction. From the measurement of a
major chemical species (e.g. ¢HD,, CO,, or H,0),

one can determine the other major species and tempera-
ture field. Temperature field is critical for obtaining
concentrations of major species from the WMS sig-
4.1.  Background nals. Instead of having two unknowns, which are tem-
The process of converting radial WMS signals to molgoerature and a major species mole fraction, there is only
fraction can be done in several ways. The problem igne unknown (the mixture fractid@) which needs to be
trivial for nonreacting flows since there exists relationsdetermined. The value gfranges from 0 (no fuel) to 1

to convert radial absorbance from DLS to mole fraction(pure fuel). Note that non-adiabatic effects are not con-
In reacting flow, the fundamental problem is that onesidered here, such as heat losses from the nozzle. For
needs temperature field in order to obtain concentratioregions where the measured concentration of a major
field. One technique involves choosing an absorptiorspecies is zero or below the sensitivity of the system,
line with a cross-section-to-temperature ratio that variesletermining the other major species and temperature is
negligibly with temperature for the range of temperaturgot possible.

to be explored. The second technique determines the

temperature from the ratio of two absorption lines thafor the methane-air combustion, a table of major spe-
have different ground-state energies. The third techeies, temperature, and mixture fraction is composed
nique requires fitting WMS line shape to extract localfrom running CET93 [19] for several mixture condi-
temperature. This technique only works if the linetions. Figure 5 shows the temperature and concentration
shapes are sensitive to temperature. The fourth teclf major species variation with mixture fraction. The
nique employs numerical simulations to obtain a reasorpeak temperature of 2226 K is around the stoichiometric
able temperature field of the reacting flow field from mixture fraction{g of 0.055 and concentration of water
which quantitative measurements of combustion specigs found throughout the mixture fraction space. Carbon
can be computed from the recorded WMS signals. Adioxide is found fron{ = 0 to 0.55. However no meth-
fifth technique involves direct measurements of temperane is found near the stoichiometric point and on the
ature using thermocouples. fuel-lean side as well.

4. COMPUTING SPECIES CONCENTRATION

Here a new technique to determine temperature fieldt each spatial location, DLS measurements of methane
from the WMS signals to facilitate the computation of mole fraction is provided at an arbitrary temperature of
species concentration is proposed. This new ided96 K. The following procedures are used to correct the
extends a single measurement of major or minor specid3LS measurements.

to include all other major or minor species to be derived

from a single measurement. .

The conserved scalar approach in modelling the cou-
pling between fluid dynamics and combustion can only
represent small departures from chemical equilibriume
This approach can be broken down into several types
depending on the chemistry assumption. These are
equilibrium chemistry, flamelet (non-equilibrium chem- ¢
istry), Conditional Moment Closure (CMC), and
Strained Diffusion Reaction Layer (SDRL). Here, the
focus is on equilibrium and non-equilibrium chemistry.
The conserved scalar approach reduces the number of

NASA/TM—2001-210805 6

Guess the mixture fraction. The corresponding
mixture fraction for the initial mole fraction as read
from equilibrium chemistry tables can be used as
the initial guess.

Obtain mole fraction of Cliand temperature for
the guessed mixture fraction using the composed
equilibrium chemistry from CET93.

Correct mole fraction of CH(initially at 296 K)
from WMS signals using the temperature obtained
from second step and multiplying the mole fraction
by a temperature-dependent facfor The mole
fraction of methane changes at each temperature
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Figure 5. Equilibrium chemistry state relations for methane-air reaction using CET93d)L8)ole fractions of Ck} CO,,
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for adiabatic conditions.

due to decrease in number density and absorptiocoefficients area, = 0.67431,a, = 0.001875,a,
1.1451€, a; = 4.8148¢, anda, = 3.688182.

cross section.
Compare the mole fraction obtained from the equi-

librium chemistry with that obtained from the This technique is applied to DLS measurements of CH
WMS signals. If the two values are comparable,concentration in a reacting vortex ring under micrograv-
then the correct temperature was obtained. If notity conditions, and the results are discussed in 8§5.

then the above procedures are repeated.
4.3. Non-Equilibrium Chemistry
Whenthe diffusive time scde is smaller than the demi-

f=ay-a, T+a, T2-a3 T3+, T4,
where T denotes the local temperature in Kelvin, and theal time scale, non-equilibrium chemistry assumption is
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Figure 6. Flame luminosity results showing methane-air combustion for ring circulation of Z82anchfuel
volumeof 22 ccunder microgravity conditions(Case A).

Figure 7. Flame luminosity results showing methane-air combustion for ring circulation of 2%2nchfuel
volume of 21 cc under microgravity conditions(Case B).

NASA/TM—2001-210805 8



more appropriate especially for the computation ofhave similar fuel volumé&/ but different ring circula-
minor species. In such situation, the temperature antlonsI. Case A (Fig. 6) has™ = 482 cm?/s and \j- =22 cc.
species concentration are functions of mixture fractiorCase B (Fig. 7) has™ =212 an?/s and\ = 21cc. Radia
and scalar dissipation rat, §). Mixing and chemistry tive heat losslue to the presence of soot can be neglect
processes occurring within the flame can be locallyed since darkegions are not prevalent in the images.
approximated by an opposed-flow diffusion flame con-These darkegions are usually indication of the pres
figuration where reaction occurs in thin regions. Theégnce ofsodfl2]. However radiative heat losses from

scalar dissipation rate sets the molecular mixing ratecQ, and H,0 are still present in these methane-air
between the fuel and oxidizer. burningrings.

The OPPDIF code [17] with GRI-Mech 2.11 kinetics [3] The effect of ring circulatioon the flame structure and
is utilized to build a table of temperature and speciesing dynamics can be clearly observed. It is obvious
concentrations as functions dof, (x). DLS measure- that since case A has higher ring circulation it will travel
ments of a major species (e.g. fldnd a minor species further downstream as shown in Fig. 6. The visible
(e.g. OH) concentrations are necessary for the correffame height is denoted by. In addition, there is an
determination of the local temperature. Iterations willenhancement in the consumption of fuel by the reaction
proceed by choosing an initial pair @, () and updat- due to the increase in ring circulation. When plotted on
ing the pair until the correct temperature is obtainednon-dimensional variables éf* = H/D andt* = t[/D?
Thus the quantitative measurements of all the major ands shown in Fig. 8 the ring trajectories should collapse
minor species can be determined from the correct pair db a single curve for nonreacting vortex rings with the
(¢, X) and the corresponding local temperature. Thisassumption of similar core structures. However, in
technique will be applied to future DLS measurementseacting vortex rings, dilatation can greatly affect the
of OH concentration in reacting vortex rings in additionring trajectories [10]. No increase in dilatation was
to CH, measurements. observed for rings with ring circulations lower than 200
cné/s. However, one should expect an increase in dila-
tation due to an increase in mixedness as a result of
increased ring circulation [30]. With an increased mix-

5.  RESULTS AND DECUSSIONS edness, there should be a noticeable increase in the ring
trajectory due to increased dilatation. For the range of
5.1. Flame Luminosity Results ring circulation studied here (200-500 %sg), the

; - o increase in ring circulation has indeed contributed to an
Video images of flame luminosity from a B/W CCD increase in fuel consumption rate which promoted an

camera reveal the flame structure and dynamics ; - - : ;
reacting vortex rings under microgravity conditions.q crease in flame height due to increased dilatation.

Figures 6 & 7 shows reacting vortex rings generated

from issuing methane out of the circular nozzle with : :

diffusion flagme already established at the nozzle exi?s'z' Species Concentraion and Temperature Field

As the ring forms, it wraps the diffusion layer and trav-The conditions of Case B were chosen to demonstrate

els downstream while consuming the fuel. Both casethe method of ITAC with DLS measurements of meth-
ane. The laser scan lines were positioned 6.35 mm
above the nozzle exit plane and spanned 30 mm hori-

¥ zontally. Figure 9 shows the temporal and spatial varia-
tion of methane mole fraction for uncorrected and

w2 Caea corrected values. The correction of the methane mole
fraction can only be accomplished by accurately know-

: ing the local temperature. Methane is still present along
. the 30 mm scan line which indicates that the scanning
0s region has not completely enclosed the burning vortex
A ring. Future measurements may need to extend the
06 scanned regions further outward (40 mm) from the noz-
/ Zle center to visualize the complete burning vortex ring.
“ Although the regions near the centerline=(0) do not
g e casen show the correct methane concentration field, much can
be gained by applying ITAC to the current measure-
ments. Preliminary results are used as demonstrations
o 5 10 5 20 2 of this methodology which was explained in §4.

Non-Dimensional Time, t*

0.4

Non-Dimensional Flame Height, H*

0.2

—&—CaseB

From the DLS measurements of radial absorbance after
post-processing of spectra as demonstrated earlier in
Figure 8. Methane-air results for the effect of ring circu- Fig. 4, methane mole fraction (see Fig. 9a) can be com-
lation on ring trajectoryd*(t*) with similar fuel volumes. — pited with the assumption of a temperature field (e.g.
g'”rgsc'gc‘ii'sgfns are 482 and 212 %sfor Case Aand 596 K) using calibration curves. The temperature field

, resp Y. needs to be determined in order to obtain the correct
mole fraction of methane. The method of ITAC out-
lined earlier with the assumption of equilibrium chemis-

NASA/TM—2001-210805 9
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Figure 9. Reacting vortex ring results showing temporal and spatial evolution,ah@lel fraction ay = 6.35 mm under
microgravity conditions.(a) Uncorrected concentration using an assumed temperature of 296ciirrected concentration
using a temperature field determined from ITAC.

try can be used to provide the correct temperature b€0O, mole fraction is shown in Fig. 10c. Large concen-
first determining the correct mixture fraction field. trations of CQ appearin the latterstageof interacion
Instead of solving for two unknowns (T and £idole  and away from the nozzle (> 10 mm). High concentra-
fraction), one only needs to solve for one single varitions of CO,are found in regions where the fuel has been
able, namely the mixture fractiah With the mixture consumed by the reaction.
fraction determined, the major species and temperature
can be easily obtained from state relationships for equiAs for the HO mole fraction (see Fig. 10d),.8
librium chemistry as shown in Fig. 5. appears to be present even in regions where there is still
fuel to be consumed by the reaction. High concentration
This iterative procedure guesses the mixture fractiof H,O appears in the early stage and extends from the
field which then gives a corresponding temperature fieldhozzle center and outward, contrary to Gf@ncentra-
and molar concentration of methane by referring to statéon fields. The results of COand HO mole fraction
relationships for equilibrium chemistry (Fig. 5). The are consistent with the numerical simulation results of
temperature field is used to update the molar concentr&henet al.[10].
tion of methane obtained from DLS measurements. The
molar concentrations of methane obtained from DLS
and ITAC are compared, and if there is a close matc
then the correct temperature has been determined. This CONCLUSIONS
iterative procedure is applied to all DLS data pointsDiode laser spectroscopy measurements with the
The final molar concentration field of methane is showrmethod of Iterative Temperature with Assumed Chem-
in Fig. 9b with the corresponding mixture fraction andistry were successfully implemented inthe study of
temperature field shown in Figs. 10a and 10b, respeg¢eacting vortex rings under microgravity conditions.
tively. In regions where molar concentration of methan&his method eliminates the need to solve for two
is zero or below the sensitivity of the system, the mixunknowns (T, CH mole fraction) by finding the appro-
ture fraction and temperature cannot be determinegbriate mixture fraction field for equilibrium chemistry
DLS measurements of GGnd HO may be a better assumption. Once the correct mixture fraction field is
choice since their concentrations span the whole spegdetermined, all the major species and temperature are
trum of mixture fraction shown in Fig. 5. easily determined from interpolating tables. With the
measurement of a single major species such as methane,
With the mixture fraction determined, obtaining thethis method can be applied to find the correct tempera-
mole fraction of the other major species such as CQuire field and all the other major species without having
and HO can be trivially done using the state relation-to conduct additional experiments or install additional
ships established in Fig. 5 with equilibrium chemistry.lasers. The method of ITAC extends diode laser spec-
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Figure 10. Reacting vortex ring results showing temporal and spatial evolu{@nnaixture fraction(b) temperature in K,
(c) CO, mole fraction, angd) H,O mole fraction at y = 6.35 mm under microgravity conditions, as a result of applying ITAC
to initial DLS measurements of Glole fraction which were computed at 296 K.

troscopy measurement technique of a single species tdations results of Cheet al.[10] at least for the regions
much broader measurement technique. away from the centerling € 0).

Flame luminosity results have identified the effect ofFurther experiments will include a detailed probing of
ring circulation on the flame structure and ring dynam-he reacting vortex rings at several heights from the noz-
ics. The increase in ring circulation with similar fuel zle exit plane under microgravity conditions with DLS
volume has contributed to an increase in fuel consumpneasurements of GHand OH and possibly J@. In

tion rate inside the vortex ring and an increase in flamaddition, the method of Iterative Temperature with
height. The measured concentrations of,CGthd com-  Assumed Chemistry will be applied with the assumption
puted HO and CQ agree well with the numerical simu- of non-equilibrium chemistry in later studies.
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